is absent in Orai3, the Orai1/Orai3 ratio in T cells determines the redox sensitivity of SOCE and cell viability. In prostate cancer cells, SOCE is blocked at lower concentrations of H 2 O 2 compared with hPECs. An analysis of data from hPECs, LNCaP, DU145, and PC3, as well as previously published data from naive and effector T H cells, demonstrates a strong correlation between the Orai1/Orai3 ratio and the SOCE redox sensitivity and cell viability. Therefore, our data support the concept that store-operated Ca 2þ channels in hPECs and prostate cancer cells are heteromeric Orai1/Orai3 channels with an increased Orai1/Orai3 ratio in cells derived from prostate cancer tumors. In addition, ROS-induced alterations in Ca 2þ signaling in prostate cancer cells may contribute to the higher sensitivity of these cells to ROS.
INTRODUCTION
Numerous studies have demonstrated a contribution of reactive oxygen species (ROS) to the development of cancer hallmarks. In prostate cancer, ROS levels are elevated and contribute to altered DNA and protein structures, enhanced epithelial cell proliferation, and neoplasia (1) (2) (3) (4) (5) . Remarkably, even though ROS production in cancer cells is elevated, cancer cells (including prostate cancer cells) are more sensitive to oxidative stress than nonmalignant cells-a phenomenon that is utilized in the development of novel anticancer drugs (6, 7) . ROS-inducing substances and ROS scavengers have been investigated as therapeutics; however, the outcome and benefit of such strategies remain largely unclear (8) . Therefore, a better understanding of the underlying mechanisms and key players in redox-regulated signaling pathways is required for future therapeutic approaches.
There are multiple links between ROS and the universal second messenger Ca 2þ (9) (10) (11) . In prostate cancer cells, ROS-induced signaling is well known to include elevated Ca 2þ . In PC3 prostate cancer cells, ROS was shown to induce an increase of intracellular Ca 2þ levels, which is necessary for ROS-induced apoptosis (12). In DU145 cells, ROS-activated cell apoptosis depends on elevated Ca 2þ signaling for a full response (13) . Several Ca 2þ transporters, including transient receptor potential (TRP) channels and inositol 1,4,5-trisphosphate receptors (IP 3 R), which are activated and/or regulated by ROS, contribute to ROS-induced Ca 2þ signaling (14) (15) (16) (17) . The cell-type-specific subset of Ca 2þ transporters and the distinct and spatially complex regulation of ROS by ROS-producing and -scavenging enzymes ensure precise ROS-induced Ca 2þ signaling patterns (14, 18) . The main Ca 2þ entry mechanism in nonexcitable cells is known as store-operated Ca 2þ entry (SOCE). Upon Ca 2þ release from internal Ca 2þ stores, endoplasmic reticulum Ca 2þ sensor proteins (e.g., stromal interaction molecule 1 (STIM1)) cluster and activate Orai1 Ca 2þ channels that are located in the plasma membrane (19) . The SOCE underlying current is referred to as Ca 2þ release activated Ca 2þ current (I CRAC ). Store-operated Orai1 channels have been described as either tetramers (20) (21) (22) (23) (24) (25) or hexamers (26) (27) (28) (29) in the past. Besides Orai1, Orai2 and Orai3 are ubiquitously expressed and form heteromers with Orai1 (30) (31) (32) (33) . Compared with homomeric Orai1 channels, heteromeric store-operated Orai1/Orai3 channels differ in certain properties, such as the Ca 2þ current amplitude, ion selectivity, pharmacological profile, and ROS sensitivity (33) (34) (35) (36) . A very recent report demonstrated that one Orai3 subunit within a heteromeric channel complex is sufficient to completely abrogate the ROS sensitivity of I CRAC (37) .
The ROS sensitivity of Orai1 has been attributed to the oxidation of one cysteine (35) . These relatively high levels of H 2 O 2 seem to be physiologically relevant. Based on our recent findings (38, 39) , and taking into account previous concepts regarding the existence of ROS microdomains (40) (41) (42) , it seems very likely that in inflamed tissues the levels of H 2 O 2 might well exceed 200-300 mM.
Recently, we reported an outstandingly low Orai1/Orai3 mRNA ratio (~4) in primary human prostate epithelial cells (hPECs) from healthy tissue and a downregulation of Orai3 in prostate cancer cell lines (Orai1/Orai3 ratio~26 in lymph node carcinoma of the prostate (LNCaP) and~17 in DU145) (34) .
Here, we sought to determine whether ROS-induced Ca 2þ signaling and SOCE in cells under oxidative stress are altered in prostate cancer. In addition, we investigated whether the low Orai1/Orai3 ratio in hPECs is associated with a low redox sensitivity of SOCE, and whether this sensitivity might be increased in prostate cancer cells. 
MATERIALS AND METHODS

Cell culture
Small interfering RNA transfection
Small interfering RNA (siRNA) transfections were performed as described previously (34) . We performed the siRNA transfections with 0.12 nmol of siRNA using the Nucleofector II Transfection Kit R for hPECs and LNCaP, the Nucleofactor IV Kit SE for DU145, and the Kit SF for PC3 (all from Lonza) according to the manufacturer's instructions. All siRNAs were obtained from Qiagen or Microsynth and were partially modified according to Mantei et al. (44) . The Orai1 siRNAs were Hs_TMEM142A_1, #SI03196207 (sense: 5 0 OMeC-OMeG-GCCUGAUCUUUAUCGd (UCU) 
Ca
2D imaging experiments
Cells were loaded with the ratiometric dye Fura-2AM (hPECs: 1 mM/37 C/ 20 min; LNCaP and DU145: 2 mM/37 C/15 min; and PC3: 4 mM/room temperature/45 min). Excitation light alternated between 340 nm and 380 nm, and emitted light was detected every 5 s at an emission wavelength of 440 nm. Data were analyzed with TILLVision software (TILL Photonics) and IGOR Pro (WaveMetrics), and intracellular Ca 2þ concentrations were determined as described previously (45, 46) .
The bath solution contained (in mM) 155 NaCl, 4.5 KCl, 2 MgCl 2 , 10 glucose, and 5 HEPES (pH 7.4 with NaOH). H 2 O 2 , CaCl 2 , and 1 mM thapsigargin (Tg) were added as indicated.
time. Current was plotted versus ramp voltage (I/V), and current density (CD) was plotted versus H 2 O 2 dose and fitted with a Hill function. The pipette solution contained (in mM) 120 Cs-glutamate, 10 BAPTA, 10 HEPES, 3 MgCl 2 , and 0.05 IP 3 . The bath solution contained (in mM) 95 NaCl, 2.8 KCl, 20 CaCl 2 , 2 MgCl 2 , 10 HEPES, 10 TEA-Cl, 10 CsCl, and 10 glucose. The pH was adjusted with NaOH to 7.2 and the osmolarity was 300 mosmol/L. H 2 O 2 was added as indicated and cells were incubated for 10-30 min before patch-clamp experiments were conducted.
Cell viability
hPEC, LNCaP, DU145, and PC3 cells were seeded to~80% density in 96-well cell culture plates (BD) and incubated at 37 C, 5% CO 2 , and 95% humidity. Living cells were detected by means of a CellTiter-Blue assay (Promega). The sample size was n ¼ 12 for LNCaP, n ¼ 9 for DU145, n ¼ 3 for PC3, and n ¼ 22 from three donors of hPECs. We first tested the effect of H 2 O 2 on Ca 2þ signaling in a Fura-2-based Ca 2þ imaging assay in hPECs and the cancer cell lines LNCaP and DU145. For the later analysis of previously published data and data from this study, we exactly followed the procedure published earlier (35) To investigate whether the initial Ca 2þ increase and the Tg-induced intracellular Ca 2þ increase depend on SOCE, we performed an siRNA-based knockdown of the main molecular components of SOCE, STIM1 and Orai1.
Data analysis
In LNCaP cells, knockdown of STIM1 and Orai1 efficiently reduced the mRNA levels of STIM1 and Orai1 (Fig. 2 A) . We then performed the same Fura-2-based imaging experiment shown in Fig. 1 in cells that were transfected with control RNA or siRNA targeting STIM1 and Orai1 (Fig. 2 B) , and were either not treated with H 2 O 2 or incubated with 10 mM of H 2 O 2 . We found that 10 mM of H 2 O 2 induced an initial Ca 2þ increase in both control transfected cells and cells transfected with STIM1/Orai1 siRNA (Fig. 2 B) . The initial Ca 2þ increase was analyzed as the average intracellular Ca 2þ concentration at 1180 s (before application of Tg) and plotted for each condition (Fig. 2 C) . Upon incubation with 10 mM of H 2 O 2 , the initial Ca 2þ increase remained unchanged after knockdown of STIM1 and Orai1 (Fig. 2 C) . Therefore, we conclude that the initial Ca 2þ increase is independent of STIM1/Orai1-mediated signaling.
In (Fig. 2 D) . When cells were incubated with 10 mM of H 2 O 2 , knockdown of STIM1 and Orai1 did not significantly reduce the remaining Ca 2þ elevation. Consequently, this remaining Ca 2þ elevation is independent of the STIM1/Orai1 machinery and for the most part is based on Tg-induced Ca 2þ release from intracellular Ca 2þ stores, as shown in a previous study (34) . As the remaining Ca 2þ elevation was the same in all three conditions (when STIM1 and Orai1 were knocked down or cells were incubated with 10 mM of H 2 O 2 , or both), we conclude that our further analysis of the H 2 O 2 -induced block of SOCE may include a small offset, but half minimal inhibitory concentrations were not affected. We performed the same set of experiments in DU145 and obtained very similar results (Fig. S1 A in (Fig. 3 A) . In LNCaP and DU145, incubation with H 2 O 2 induced an initial increase of intracellular Ca 2þ (Fig. 3 B) , and we detected maximal intracellular Ca 2þ upon incubation with 300 mM and Fig. 4, A and B .
In hPECs, DCa 2þ was increased by incubation with H 2 O 2 up to a concentration of 500 mM. When cells were incubated with 1 mM H 2 O 2 , the increment was reduced but DCa 2þ was still elevated compared with DCa 2þ at low H 2 O 2 concentrations (Fig. 4 A) . Upon incubation with H 2 O 2 concentrations above 1 mM, hPECs started to detach during the measurements; however, from our data, we conclude that the IC 50 of the H 2 O 2 -induced block of DCa 2þ is above 1 mM. I CRAC was evoked with 50 mM of IP 3 and 10 mM of BAPTA in the patch pipette. For LNCaP, the CD was plotted versus time (Fig. 5 A; corresponding current-voltage curves are shown in Fig. 5 A, inset) .
With increasing H 2 O 2 concentrations, CD development in LNCaP and DU145 cells was blocked in a dose-dependent manner (Fig. 5 B) . For the H 2 O 2 -induced block of I CRAC , the dose-response curves exhibit an IC 50 of 26.6 mM for LNCaP cells and 2.5 mM for DU145 cells (Fig. 5 B) . This analysis shows that a higher ratio of Orai3/Orai1 is accompanied by a higher IC 50 for the H 2 O 2 -induced block of I CRAC . In our hands, a gigaseal could not be formed with hPECs upon incubation with H 2 O 2 ; therefore, under these conditions, I CRAC could not be detected via the patch-clamp technique in these cells.
hPECs, LNCaP, DU145, and PC3 differ in cell viability upon incubation with H 2 O 2
To compare the viability of hPECs and prostate cancer cell lines upon incubation with H 2 O 2 , we performed fluorescence-based viability assays. The H 2 O 2 -induced decrease of cell viability exhibited an IC 50 of~6 mM in hPECs, 2 mM in PC3, 871 mM in DU145, and 422 mM in LNCaP (Fig. 6 ). These findings clearly support the concept of higher ROS sensitivity in prostate cancer lines than in hPECs.
Analysis of Orai3/Orai1 ratios and the H 2 O 2 -dependent block of SOCE and cell viability
We next combined our data and previous findings (34, 35) regarding Orai1/Orai3 mRNA ratios and the dependence of SOCE and cell viability on H 2 O 2 in different cell types (summarized in Table 1 (-) , DU145 (C), PC3 (;), and hPEC (:). The sample size was n ¼ 12 for LNCaP, n ¼ 9 for DU145, n ¼ 3 for PC3, and n ¼ 22 from three donors for hPEC.
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We analyzed the correlation between the H 2 O 2 -dependent block of SOCE (DCa 2þ ) and dependence of viability on the Orai1/Orai3 ratio. For this purpose, we decided to use the inverse Orai1/Orai3 ratio and instead plot Orai3/Orai1. For prostate-derived cells, a detailed representation of Orai1 and Orai3 mRNA levels and the corresponding Orai3/ Orai1 ratios is given in Fig. S2 .
In Fig. 7 A, the logarithmic IC 50 of the H 2 O 2 -induced block of SOCE is plotted against different Orai3/Orai1 ratios expressed by several types of cells. When we analyze the correlation between the Orai3/Orai1 ratio and the logarithmic IC 50 for the H 2 O 2 -induced block of SOCE, we find a Pearson's coefficient of 0.97, reflecting the very strong correlation between the two parameters. Fig. 7 B demonstrates the relationship between Orai3/Orai1 ratios and cell viability. Here, we included data from PC3 cells without analyzing Ca 2þ signaling in these cells in depth. With our protocol, we cannot determine IC 50 for the H 2 O 2 -induced block of SOCE because in PC3 the initial effect depends on STIM1/Orai1, whereas the Tg-induced Ca 2þ is nearly independent of STIM1/Orai1 (Fig. S3) . The Pearson's coefficient between the Orai3/Orai1 ratio and cell viability is 0.99, reflecting the very strong correlation between the Orai3/Orai1 ratio and H 2 O 2 -induced inhibition of cell viability. When the IC 50 of the H 2 O 2 -induced block of cell viability is plotted against the H 2 O 2 -induced block of SOCE, the dependency can best be described with a Hill function (Fig. 7 C) . The Pearson's coefficient for the logarithmic data is 0.91, reflecting the strong correlation between the H 2 O 2 -induced block of SOCE and cell viability.
Effect of a siRNA-based knockdown of Orai3 on Ca 2D signaling and cell viability
To directly determine the role of Orai3 in the H 2 O 2 -induced block of SOCE and cell viability, we performed a siRNAbased knockdown of Orai3. Upon knockdown, Orai3 mRNA was reduced (Fig. 8 A) . Upon knockdown of Orai3, no specific effect on the IC 50 of H 2 O 2 -induced inhibition of DCa 2þ (Fig. 8 B) and cell viability (Fig. 8 C) could be detected. The cell transfection led to a general shift in the IC 50 for the H 2 O 2 -induced inhibition of DCa 2þ and cell viability.
DISCUSSION
Our data on H 2 O 2 -dependent cell viability support the concept that hPECs are less sensitive to ROS than LNCaP and DU145. This finding is in line with an earlier study Biophysical Journal 109 (7) 1410-1419 Within the last few years, several reports have demonstrated a role for Orai3 in breast cancer (53) (54) (55) (56) . Two very recent studies reported controversial results regarding the role of Orai3 in prostate cancer. Dubois et al. (57) found elevated Orai3 expression levels in prostate cancer tissue samples. In their study, elevated levels of Orai3 led to increased formation of arachidonic-acid-induced Ca 2þ channels by Orai1/Orai3 heteromers and a lower number of homomeric Orai1 SOCE channels. Thus, the elevated Orai3 levels may act as a switch and lead to increased arachidonic-acid-induced proliferation and decreased Orai1-dependent apoptosis (57, 58) . In contrast to Dubois et al. (57) , we found a downregulation of Orai3 in prostate cancer tissue samples, an outstandingly low Orai1/Orai3 ratio of~4 in hPECs, and elevated Orai1/Orai3 ratios in prostate cancer cell lines, with consequences for SOCE signaling in the membrane androgen receptor pathway and the pharmacological profile of I CRAC (34) . The H 2 O 2 -dependent block of SOCE (DCa 2þ ) differs among hPECs (IC 50 > 1 mM), DU145 (IC 50~5 mM), and LNCaP (IC 50~1 14 mM). In combination with previous findings (34, 35) , our results demonstrate a strong correlation between the Orai3/Orai1 ratio and the ROS sensitivity of SOCE and cell viability. Taken together, these findings support the concept of heteromeric store-operated Orai1/Orai3 channels. However, upon cell transfection, the IC 50 values of the H 2 O 2 -induced block of SOCE and cell viability exhibited unspecific shifts, as described previously (35) . This unspecific shift may cover specific effects of Orai3 knockdown and thus prevent the acquisition of direct evidence. The correlation between the ROS-dependent block of SOCE and cell viability demonstrates that cells need functional SOCE Ca 2þ signaling for survival and that the ROS-induced block of SOCE Fig. 4 B) 2) ; for nontransfected cells, the same data as in Fig. 6 were used.
Biophysical Journal 109(7) 1410-1419 contributes to decreased cell viability when ROS are increased. The apparent IC 50 of the H 2 O 2 -induced block of SOCE in DU145 (~5 mM) and hPECs (>1 mM) points to a blocking mechanism that could be independent of Orai3/Orai1 ratios. In these cells, all I CRAC channels may be Orai3/Orai1 heteromeric channels, and one Orai3 subunit is sufficient to abolish the ROS sensitivity of SOCE (37) . An alternative explanation is that increasing H 2 O 2 levels lead to intracellular acidification (59) and CRAC channels are inhibited by intracellular acidification (60) . It has been suggested that STIM1/Orai1 uncouple at low intracellular pH and Ca 2þ influx via Orai channels is abolished (61) . To test this hypothesis, we performed patch-clamp experiments to determine whether the H 2 O 2 -induced block was still apparent when we used pH 8 in the patch pipette (Fig. S4) . Indeed, the block was not abolished, pointing to a channel-specific mechanism rather than an unspecific block. On the other hand, it was previously demonstrated in snail neurons that even under buffering conditions, pH microdomains below the plasma membrane could be formed (62) . Thus, we cannot exclude the possibility of a channel-unspecific mechanism such as acidic pH, decoupling of STIM/Orai complexes, induction of high Ca 2þ levels, and/or membrane depolarization.
In the future, therapeutic strategies based on ROS induction may include the appropriate concentrations of drugs targeting SOCE channels to reduce the viability of prostate cancer cells without affecting nontransformed cells, as there is a clear role for Ca 2þ in ROS-mediated signaling in prostate cancer. Finally, the overall high Orai3/Orai1 ratios in hPEC and androgen-insensitive cancer cells contribute to their ROS resistance and thereby may have a share in making the prostate one of the most prominent cancer susceptible organs.
CONCLUSIONS
In this study, we investigated H 2 O 2 -dependent Ca 2þ signaling in hPECs from healthy tissue and prostate cancer cell lines (LNCaP, DU145, and PC3). ROS-induced changes in Ca 2þ signaling reflect the contributions of very different enzymes, including Ca 2þ transporters and ROS-producing and -scavenging enzymes. Our findings suggest that the block of ROS-induced initial Ca 2þ elevations in prostate cancer cells, as well as the amplification of DCa 2þ and the H 2 O 2 -dependent block of SOCE at lower concentrations of H 2 O 2 , could contribute to the higher sensitivity of prostate cancer cells to ROS-induced cell death. In addition, our findings regarding the H 2 O 2 -dependent block of SOCE in hPECs and cancer cell lines support our concept of heteromeric store-operated Orai1/Orai3 channels in hPECs and store-operated Orai channels characterized by elevated Orai1/Orai3 ratios in prostate cancer cells. 
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